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ABSTRACT 
 
 Metal additives have been widely used in combustion applications such as solid rocket 
motors and high explosives. There have been a vast number of studies performed on aluminum, 
magnesium, boron, beryllium to determine their combustion mechanism and to attempt at 
extracting their high energy content. Aluminum has been an extensively used metal additive as it 
has a high enthalpy of combustion, it is widely abundant and has a low toxicity. However, it has 
been shown to have ignition delays and incomplete energy conversion yields. Much of the 
research in present time has been focused on finding an energetic additive that can serve as a 
trigger in order to unleash its internal energy properly. Magnesium has been a preferential 
candidate due to its high temperature upon ignition, its porous oxide layer and its relatively high 
energy content as well. 
 Majority of the work performed in the past on Mg and Mg-Al alloys has been performed 
with coarse particles (>50 μm), which tend to have burn times in the 1-100 milliseconds. Work 
on single aluminum particles below 10 microns has shown a transitional regime. This marks the 
shift from diffusion limited combustion to the kinetically limited mode. This shifts from a 
particle size dependence to a pressure and temperature dependence. 
 The purpose of this study is to determine the burnt time of magnesium and aluminum-
magnesium alloys by measuring their luminosity or photon emission. The work uses the 
heterogeneous shock tube facility at the UIUC to generate high temperature and pressure 
environments behind a reflected shockwave for tailored gas mixtures of oxygen and carbon 
dioxide with nitrogen used as the inert gas. 
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 To target the transition region for aluminum combustion, particles sizes of 5 and 10 
micron, obtained commercially, are used. Numerous photometric measures are taken to try to 
gain as much quantitative data as possible. These include using a Si biased detectors, 
photomultiplier tubes and a CMOS high speed imaging camera. A thermo-fluid model uses 
transport properties to determine the approximate location of the particles in the post reflected 
flow. Burning time measurements are used to determine if any size, pressure, temperature and 
oxidizer dependence exists. 
 Results collected from all photosensors gave insight on the combustion mechanism of the 
free stream particles in the shock tube. Magnesium Burning times were shorter than previously 
recorded Burning times from different experimental setups. Residence time, isothermal 
conditions and low turbulence could be attributors, as most previous tests had been performed 
with pulsed lasers or acetylene flames. Another observation is that Magnesium particles burn in 
more quiescent fashion than Al-Mg alloys at higher pressures. This could be due to a 
combination of internal and external stresses leading to crack formation on the particle surface 
which eventually spall or might also agglomerate. 
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Chapter 1    
INTRODUCTION 
 
The purpose of this study is to investigate the burning times of pure Mg and alloys of Al:Mg 
particles based on their given luminosity in a post reflected shock environment, compared to 
pure aluminum burning times of particles with the same size. Studies are performed at the 
heterogeneous shock tube facility at the University of Illinois at Urbana-Champaign. Several 
studies in the same facility have focused on micron and nano-aluminum combustion in a mix of 
oxidizers. There is a critical ignition temperature needed to ignite aluminum particles. For coarse 
aluminum particles (>20 μm) it is usually around the melting temperature of the protective Al2O3 
layer and has been shown to be less than 1300oC for particle sizes less than 20 micron. [1] Bazyn 
at UIUC showed evidence to show that 10-micron aluminum had a dependence on temperature 
and pressure which is was shown to be the transition regime between diffusion limited and 
kinetically modes of combustion. [2,3] Shock tube measurements of nano-aluminum combustion 
showed ignition of particles between 1200 to 2200K, as a result of the drift towards the shrinking 
core model. [4] At the nano-scale aluminum particles do not exhibit a size dependence, with burn 
times shown to be between 50 to 500 microseconds in various environments and conditions. The 
purpose of this study is to try and determine if alloying micron sized aluminum with magnesium 
will give competitive burning times compared to nano-aluminum. Shock temperatures are set to 
1500K as this temperature has been shown to be above the critical ignition temperature of 
aluminum and magnesium. 
 While aluminum has been widely used as an energetic metal additive, there has been 
recent work that has shown that aluminum-magnesium alloys can also perform well. [2,5,6] 
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However, these tests have been performed in pulsed laser and flame experiments, which can lead 
to non-uniform heating which could skew burning times. The shock tube has the capability of 
making an isothermal environment to avoid such effects. 
1.1 Research Motivation 
 
Addition of metal particles in applications such as solid rocket motors and high explosives 
has been shown to increase propellant density and raise the specific impulse as well as show 
signs of blast enhancement. There have been many studies which have focused on characterizing 
ignition and combustion of pure and alloyed Aluminum, Magnesium, Boron and Beryllium 
particles in different oxidizing environments. Several studies focused on the nano-aluminum 
combustion in the heterogeneous shock tube facility at UIUC. From these studies it was shown 
that as the particle size fell below 10 microns, the burning behavior shifts from the d2 
dependence and transitions from diffusion limited combustion to kinetically limited combustion, 
d1 dependence. [2,7,8] Fursov et. al [9] mentioned that Al and Mg particles are ignited through 
combined effects of heat transfer from the environment to the particle and heat generated by 
heterogeneous reactions on the particle’s surface. Powders formed of aluminum-magnesium 
mixtures have been described as more reactive with as little as 10% magnesium by weight. [9] 
Although there is research which provides ignition and combustion temperatures of 
aluminum and magnesium particles, there is little data on Al/Mg alloyed fine particles (<20 
mircons). The aim of this research is to bridge this gap and provide ignition and burn times for 
the development to better understand the chemical kinetics at an early time event from high 
explosive with infused metal additives. 
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Current methods of measuring burning times include the constant intensity cutoff 
method, percent peak height method, and the percent total area method. For comparison the total 
area method, full width half max and full width quarter max are determined. All of these 
methods require the collection of photons using photosensitive collectors, such as Si biased 
detectors. A problem with these detectors is that they have a small collection area, compared to 
other detectors such as photomultiplier tubes. In this study PMTs are implemented which gives 
the benefit of added resolution, sensitivity and ease of implementation.  
 A sample trace from a PMT placed 7 cm from the end wall shows the burning behavior 
of a 50Al:50Mg 10 micron sized particle burning in a 50% CO2:50% N2 mixture at 10 atm 
behind a reflected wave. For the shown trace a fit on the decay portion is used to minimize the 
contribution from the secondary peak. Different methods have been previously applied, 
including a post-peak background and exponential decay [2,8,10]. 
 
Figure 1.1 Sample trace from a photomultiplier tube located 7 cm from the end wall. An 
exponential decay is fitted to the falling edge from maximum to 50% of the maximum intensity to 
remove the secondary peak. Traces like this are usually common for the carbon dioxide tests. 
 Numerous tests were performed to determine the necessary experimental conditions and 
setup to gain quantitative data, and these are summarized in the sections below. There have been 
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many studies using metal ribbons, seeded particles in different flames and thermogravimetric 
studies, but very little data with shock tubes exists, more specifically with alloyed particles. Our 
work will focus on validation of the CEX models under the development at Craft-Tech and will 
assist. Validation both sub-models of the codes that deal with individual processes to further 
understand the Multiphysics behind an explosive breakout with metal additives. 
1.2 Metal Combustion 
 
Ignition and combustion behaviors of metals has been an area in thermodynamics that has 
seen extensive research. Metals are very energy dense and, if probed correctly, this energy can be 
beneficial for energy enhancement for solid rocket motors or high explosives. Table 1.1 shows 
the comparison between the heat of combustion for selected fuels and metals. [11] On a molar 
basis aluminum and magnesium have higher heat of combustion compared to methane. Although 
per gram H2 has a higher enthalpy of combustion, storage plays a secondary role. Thorium has a 
higher enthalpy of combustion compared to the other metals shown, but, it is less abundant, 
radioactive and toxic. Aluminum is energy dense, highly abundant, non-toxic, and has a high 
manufacturability. 
Table 1.1 Heat of Combustion for some common hydrocarbon and metal fuels and their 
products. 
Heats of Combustion 
Fuel Product Wt. [g/mol] kJ/mol kJ/g 
H2 H2O 2.016 68.3 141.83 
CH4 CO2, H2O 16.03 94.05 32.76 
CO CO2 28.0 67.6 10.08 
Al Al2O3 26.97 200.1 31.08 
Mg MgO 24.32 143.7 24.68 
Zr ZrO2 91.2 261.8 12.01 
Th ThO2 232.1 293.2 5.27 
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Attempts have been made to develop combustion models that can describe different 
combustion mechanisms including vapor-phase reactions, heterogeneous surface reactions while 
quantifying the effects of the oxidizing medium. Metals that have been studied include Li, Na, K, 
Mg, Ca, Al, Be, Si, Ti, Zr, and B. These are divided into volatile and nonvolatile; furthermore 
the nonvolatile classification is subdivided into three classes according to the properties of the 
oxide. [12] Figure 1.2 shows a schematic of the burning behavior of volatile metal particles, 
more specifically magnesium. Based on the size of the particle it can either develop a diffusion 
flame with an assumed adiabatic flame temperature that is dependent of the oxidizing 
environment or it can develop oxide capsule that drives the heat transfer back to the liquid. Once 
the boiling temperature of the metal droplet is reached it spalls into hot droplets that burn in a 
small particle fashion.  
Non-volatile metals such as aluminum, have several combustion pathways. Large 
particles, greater than 80 microns, have an oxide layer that greatly inhibits oxidation by limiting 
the rate of heat transfer from the surrounding gas to the particle. The thickness of the oxide layer 
varies with temperature, but it is on the order of 0.5 to 3 nm. For smaller particles there are 
numerous paths that are dependent on net heat loss from the surface of the oxide layer which 
determines the surface temperature and burning mechanism, outlined in Figure 1.2. The 
pathways depend on the melting temperature of the metal and oxide, compared to the 
temperature of the particle surface. If the surface temperature is lowered than the melting 
temperature of both the metal and oxide, no combustion occurs. If the temperature is higher than 
the melting temperature of the metal and oxide, oxidation occurs through diffusion in the vapor 
phase with a solid shell left. 
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Figure 1.2 (Top) Combustion of volatile metal particles in a hot oxidizing atmosphere. (Bottom) 
Combustion of non-volatile metal particles in a hot oxidizing atmosphere. [12] 
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1.3 Combustion of Aluminum, Magnesium and their Alloys 
 
Aluminum particle ignition and combustion in oxygen-rich atmoshpere has been a subject of 
many studies for high/low pressures and different oxidizers (Air, O2, CO2, H2O). Glassman, 
Brzutowski[12], Beckstead [7], Price, Krier, Glumac, Dreizin are just a small number of 
researchers whom have made a significant amount of progress on the combustion mechanism of 
metals.  In recent years aluminum and its alloys have been studied. Ignition temperatures were 
determined to be 923K and 2300K for magnesium and aluminum particles, respectively [13]. 
Alloying Mg to Al might serve as a catalyst enhancing reactivity and leading complete yields. 
Ignition and combustion of aluminum particles has been an extensive area of study 
because of its high abundance, high energy density and low manufacturing costs. It has great 
value in applications such as solid propellants for SRM’s and high explosive mixtures. It suffers 
from ignition delays due to its oxide layer. Ignition is reached when the ambient conditions at 
which the exothermic chemical reaction between the particle and the oxidizer is sufficient to 
raise the local temperature and reaction rate.  
 The melting temperature of the alumina layer is the driving parameter for aluminum 
particles above 20 μm and larger. Coarse aluminum particles of similar size to alloyed particles 
used in this study have been shown to undergo ignition once the oxide layer has melted at 2300K 
under atmospheric pressures. Under slow heating rates, Dreizin has shown that the amorphous 
oxide shell transitions from a  crystalline phase, grows and transitions to the α phase and 
continues to grow until ignition occurs. During phase transitions aluminum is exposed to the 
oxidizing environment, allowing surface reactions to take place. Growth in the α-phase can lead 
to cavity closure and prevent oxidation to proceed [14]. 
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 Glassman showed that the combustion mechanism for particles greater than 200 μm burn 
behavior is in the vapor phase with a diffusion limited flame shell. This structure persists because 
the peak boiling/volatilization temperature (4000K) was higher than the aluminum boiling point 
(2791 K). A schematic is shown for the combustion mechanism for large particles below [4]. 
 
 
Figure 1.3 Schematic of the classical ignition, combustion, and burn completion of a large Al 
particle.[4] 
 
 For particles smaller than 20 μm, the particles do not completely burn in the diffusion 
limited regime and evidence for another mechanism has been discovered. Dependence on 
particle size shifts to a pressure and temperature dependence. Prior to research performed on 
particles in the nano-scale, Beckstead’s correlation, shown in Figure 1.6, was used to estimate 
burn times, based on a dn dependence. As particles sizes decrease this correlation underpredicts 
burn times. Previous work at UIUC in the heterogeneous shock tube with nano-Al was 
revolutionary to probe the transitional regime of aluminum. This weaker diameter dependence on 
burn time, was shown as evidence for the shift from a diffusion limited flame structure to a 
kinetically dependent structure. In the quasi-steady kinetic limit, the limiting factor becomes the 
kinetics of the reaction as opposed to the transport properties and the dn term shifts from a d1.8 
(diffusion limited) to d (kinetically limited) dependence. For modeling purposes n=1.8 is still 
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used for preliminary results. Weakening of the n exponent in the dn law, an increase in pressure 
dependence and change in the observed flame structure is referred to as the transitional regime, 
with particles of size similar to particles used in this study. A schematic for the combustion 
regimes, shown in Figure 1.4, demonstrates the different flame structures that have been 
previously observed as the particle transitions from the diffusion limited to the shrinking core 
combustion mechanisms. The vapor-phase diffusion flame is shown on the left, a detached flame 
is present a few radii from the particle surface. The flame temperature is limited by the alumina 
melting temperature. The middle schematic depicts the transitional regime or near surface-
limited combustion process. Oxidizer diffuses to the particle surface where heterogeneous 
reactions take place, previously observed in CO2 by Bazyn et al. [3] and modeled by 
Gremyachkin. [15]. As the particle size decreases, diffusion and reactions rates become faster 
and the flame moves closer to the particle surface.  
Finally, the rightmost schematic depicts the shrinking core model of aluminum 
combustion, proposed for nanoscale particles. Surface tension effects make the alumina layer 
adhere to the aluminum particle and the temperature is highest inside the particle and not much 
higher than the environment temperature. [4] 
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Figure 1.4 Schematic representation of the flame structures observed in aluminum combustion. 
[4] 
 
The primary reactions occur homogenously with combined heterogeneous surface 
reactions in the gas phase and are represented by equations 1-4 for an aluminum and oxygen 
system.  
 
 Al(g) + O2  AlO + O (Eq. 1.1) 
 
 AlO + O2  AlO2 + O (Eq. 1.2) 
 
 2AlO + 
1
2
O2  Al2O3(l) (Eq. 1.3) 
 
 
Aluminum particle burning times are summarized in Figure 1.6, with recent studies of 
nano-aluminum performed in the same shock tube. Prior to these results the burn times followed 
a d2 law but more recently it has been shown that as particle sizes decreases below 10 microns 
the burn times shift to a d1 law with a higher dependence on pressure and temperature. 
In order to attain data from combustion of the particles and isolate the burning effects of 
aluminum oxidation the AlO B2Σ+ - X2 Σ+ system is probed. It has many defined rovibronic 
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bands from 440 (v =3) to 560 (v =-2). Bandpass filters are placed on all photosensors to target 
this region. Figure 1.5 shows spectra collected at UIUC comparing the emission of PBX-9407 
with 20% Al, PBX-9407 with 20% Al2O3 and PBX-9407 + 20% Al with vacuum grease. [26] 
Transmission from the bandpass filters placed in front of the PMTs falls to 20% as shown by the 
dashed lines. Higher temperatures give a wider spread of filled energy levels which but at the 
temperatures tested in the shock tube for this study, the main light collected will be from the v 
= 0 bandhead  
  
Figure1.5 Sample AlO emission from a plastic bonded explosive captured by a Cooke High 
Speed Framing Camera (HSFC) [16] 
 
 The aim of this study will be to determine the effects of alloying Mg with Al on the 
combustion mechanism focusing primarily on burning times and determine whether any 
contributions could be made in early explosive reactions. Metals are commonly added to high 
explosives, and a recent interest in reactive structural materials which involve rapid metal 
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combustion. Despite the published research on metal additives it is unclear how these burn in 
explosive fireballs and a key step is to determine their ignitability at lower temperatures and their 
burn times so their contribution to the energy release of metallized explosives can be further 
understood. 
 
Figure1.6 Accumulated Burning times of aluminum particles under different test conditions and 
sizes. [20, Lynch] 
 
1.3.1 Ignition and Combustion of Magnesium Particles 
 
While aluminum is by far the most widely used metal it has been shown that advanced 
combustion performance can be achieved when aluminum-magnesium alloys are used [14,17]. 
Unlike aluminum, magnesium and its alloys lack the extensive research required to fully 
understand burn rates as a function of oxidizer composition, flow turbulence, pressure, and 
temperature. 
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A majority of the previous experiments were performed using coarse Mg particles with 
dimensions approaching 1 mm. Diffusion flames of large magnesium particles have been shown 
to be substantially larger with reported temperatures of 2600 - 3400 K, which is close to the 
adiabatic flame temperature of 3100 – 3600 K. [5] Cassel and Liebman studied the lifetime of 
magnesium particles, ignition temperatures and thermal conductivities of ambient atmospheres 
of magnesium particles from 20 to 120 micron diameter in air, 2O2 + 8Ar and 2O2 +8He [18]. 
The adiabatic flame temperature for the magnesium-oxygen system is 3,350 K, but considering 
losses from radiation and thermal conductivity of the ambient gas the temperature falls to about 
3,000 K. The following thermochemical equations from [18] are: 
 O2  2O – 518.82 kJ (1.4) 
 MgO(g)  MgO(s) + 581.58 kJ (1.5) 
 with a vapour pressure of 1.17 x 10-2 atm 
 Mg(g) + O2  MgO(g) + O – 121.34 kJ (1.6) 
 Mg(g) + O2  MgO(s) + O + 460.24 kJ (1.7) 
 Mg(g) + O  MgO(g) + 393.30 kJ (1.8) 
 Mg(g) + O  MgO(s) + 974.88 kJ (1.9) 
 
  Semenov’s theory of thermal ignition works on the balance of the rate of heat generation 
from particle reaction and the rate of heat loss owing to thermal conductivity to the ambient gas 
temperature required for spontaneous ignition. Ignition temperatures have been shown to 
increase as the particle diameter decreases. In Cassel et. al. the ignition temperature changes 
shifts from ~900 K for 120 μm particles to ~1,000 K to 20 μm particles [19]. Values are 
extrapolated using a logarithmic fit down to 10 and 5 microns for the particles of interest in this 
study. Ignition temperatures range from 1042 K to 1126 K for the 10 micron particles and 1083 
K to 1169 K for the 5 micron particles, which is below the reflected shock temperature of 
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1500K. These results are summarized in Table 1.2 Classified magnesium particles were dropped 
into the furnace by tapping from a fine screen of proper size to prevent passage of agglomerates. 
Furnace temperature was adjusted to 1200K. Theoretical considerations were used the non-
steady state theory of thermal ignition, due to H. Van’t Hoff and L. Le Chatelier with the balance 
of rate of heat generation and heat loss, G and L, respectively. 
Table1.2 Ignition temperatures calculated using a heat transfer model for a particle range of 
20 to 120 microns. Values for the 5 and 10 micron columns were extrapolated using a 
logarithmic fit for all conditions. [18] 
Ignition temperature, K 
 Particle diameter, microns 
 5 10 20 50 80 120 
Air 1093.91 1052.53 1015 950 925 910 
2O2 + 8Ar 1083.91 
1042.53 1005 940 915 900 
2O2 + 8He 1169.85 
1126.77 1085 1025 995 975 
   
Wang determined burn times of fine magnesium particles from an air-acetylene flame at 
different flow rates. He demonstrated that for “as received” powders between 1-11 μm and -325 
mesh as well as aged powders, the burn times ranged from 1.5 – 7 ms for particles in the size 
range of 1 - 10 μm with particle temperatures between 1900 – 2300 K [5]. Burn times vs. particle 
sizes are from various authors are compiled and shown in Figure 1.7.  In this study filtered 
particle emissions traces from the particles seeded into a hydrogen/oxygen flame are recorded 
using a series of PMTs. Based on the results the particle dn dependence resulted in n ~ 0.68 for 
fine Mg powders. 
It has been shown that for the transition regime of the transport phenomena for particles 
of comparable size to the gas mean free path, the heat and mass transfer rates are impeded 
compared to those in the continuous transport regime. Theoretical models lack the complex 
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phenomena of phased changes such as evaporation and condensation at the particle surface, such 
as MgO coated particles which inhibits evaporation and is more prominent for finer particles. 
 
Figure 1.7 Magnesium Particle Burn Times vs. Particle Sizes taken from [9] (without 
permission). 
These particles burning in a carbon dioxide environment are of interest as well. It is well 
known that at higher temperatures carbon dioxide dissociates into carbon monoxide and oxygen. 
Dissociation into CO creates gas-phase reaction which lead to heterogeneous surface reactions if 
the temperature exceed 2100K [23]. Extend of research in CO2 is not adequate to fully 
understand this and other reactions to fully understand the burning behavior of magnesium and 
its alloys. 
1.3.2 Ignition and Combustion of Aluminum-Magnesium Alloys 
 
Although Aluminum/Magnesium alloys have been of interest as a metallized energetic 
additive, extend of research is insufficient to fully understand their effects in propellant and 
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explosive applications. Krier and Burton performed a study at UIUC analyzing and 
characterizing the ignition and combustion mechanism for Al/Mg particles in 99%O2/1%N2 
mixtures for 20 μm particles with varied Mg content from 0 to 100 by wt. %. [20] It was 
observed that ignition time was greatly reduced with 10% Mg and reduced as the percentage of 
Mg increased for the 8.5 atm tests, although less pronounced at elevated pressures of 17 and 34 
atm. Tests were performed in the heterogeneous shock, with the only difference being the 
method of particle introduction. Particles are mounted on a sting and exposed to the shock flow. 
Recent studies have been performed to determine the effects of oblique shocks from the 
upstream edge. Oblique shocks from the leading edge generate temperature and pressure non-
uniformities. [20] 
More recently mechanically alloyed Al/Mg powders have been proposed by NJIT as they 
have been shown to ignite at lower temperatures and burn faster than Al. [14,17] Mechanically 
alloying is achieved through high energy ball milling, which is a the repeated process of 
kneading and re-fracturing powders through metal ball collisions. At the same time invariant 
phase transitions, (e.g. eutectic) have been observed as these can initiate temperature jumps, 
jetting and disruptive burning behaviors. For mechanically alloyed particles of Al-Mg with a 
mean size of 12.5 µm the temperatures were found to be in the range of 950 to 1,060 K, which is 
comparatively lower than the ignition temperature of pure aluminum, 2,300 K. [17] Shorter 
burning times were combined with these effects. As seen in Figure 1.8 the most apparent feature 
of the phase diagram for the binary system of Al-Mg is the variation in alloy melting 
temperatures as a function of Mg content. Melting points are crucial for aluminum particles, as 
they are essential for driving combustion forward for the diffusion limited case. The highest 
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melting point is at 933 K and decreases at the eutectics 723 K (36.5 wt. % Mg) and 710 K (67.7 
wt. % Mg). [17] 
  
 
Figure 1.8 Binary Phase Diagram for an Al-Mg system. [17] 
 
 Burning of mechanically alloyed Al-Mg powders have also been observed in steam, more 
specifically in a hydrogen-oxygen flame at approximately 2500 K. It was observed that the 
particle burn times were closer to pure aluminum than pure magnesium for a particles size 
between 2 and 3 μm, however, the burn times for the alloys were much shorter compared to 
those of the pure metals. [6] Flame temperatures were observed to be between 2500 K and 3100 
K, close to the adiabatic flame temperature for elemental Al and Mg mixtures in steam.  
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Chapter 2    
EXPERIMENTAL METHODS 
 
The experimental methods used to study micron sized magnesium and aluminum-
magnesium alloys are described below. The shock tube facility at the University of Illinois-
Urbana-Champaign (UIUC) was built under Professor Herman Krier and Professor Rodney 
Burton and more recently then enhanced under Professor Nick Glumac. Operation of the shock 
tube has been described previously in [2, 8]. Originally tests performed in the shock tube used a 
sting attached to the end wall, but this was replaced by a particle injector which creates a gas 
suspension inside the shock tube prior to testing. Over the years different methods have been 
implemented to determine particle burn times and progressively these measurements have been 
coupled together to determine the finest method of measuring burn times. 
 The purpose of this study is to find the effectiveness of alloying aluminum and 
magnesium and compare burn times to nano-scale and pure aluminum particles of the same size. 
Also this study will be one of few studies of smaller Magnesium particles (<10 micron) to be 
studied in an isothermal environment, generated by the reflected shock wave. The temperature of 
1500 K was chosen as tests at these low temperatures have not been explored. The combustion 
mechanism for pure aluminum particles of similar sizes tested still exhibit signs of a diffusion 
limited mode of combustion. Alloying Magnesium will minimize the effects of the protective 
layer by creating a heterogeneous surface on the particle.  
2.1 Shock Tube Theory 
 
Shock tube theory is a well understood concept that has been used to study the effects of 
propagating compression and shock waves. The earliest study of compression shock tubes was 
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published as early as 1899 by French physicist Paul Vieille. A. Gaydon outlines the operation of 
the shock tube in his book The Shock Tube in High Temperature Chemical Physics. Figure 2.1 
shows an idealized shock tube x-t plot with the different types of waves that are generated during 
a shock tube test. 
 
Figure 2.1 Idealized shock tube x-t plot 
 
A shock tube is usually constructed of metal with a rectangular or circular cross-section, 
consisting of two separate sections consisting of a high pressure gas (driver section) and a low 
pressure gas (driven section), separated by a diaphragm. Diaphragms usually consists of 
Polyethylene Terephthalate (Mylar), of different thicknesses, but aluminum diaphragms can be 
used as well for higher pressure tests. A gas with a low molecular weight (giving a high speed of 
sound) is chosen as it generates stronger shock waves. Once the diaphragm is ruptured 
(mechanically, intermediate sections, piston driven, high energy laser) multiple pressure waves 
coalesce to form a shock which generates a discontinuity in through the driven gas, 
simultaneously a Prandtl-Meyer wave travels in the opposite direction as depicted in Figure 2.1. 
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An incident shock wave travels down the shock tube, raising the temperature and pressure of the 
gas, reflects off the end wall and creates another jump in temperature and pressure. The driver 
and driven gases are mixed in a region that is referred to as the contact surface which follows the 
leading wave at a lower speed. Test times are limited by the contact surface as it catches to the 
upstream flow. Typical test durations at the UIUC shock tube facility are approximately 2 to 3 
ms. 
 Assuming an ideal gas and ignoring any losses at the boundary layer, based on 
conservation laws and normal shock conditions the shock strength, driver pressure, driven 
pressure, specific heats and speed of sounds can be coupled together to form Eq 2.1. 
 
𝑃4
𝑃1
=
1−1
1+1
(
21
1−1
𝑀𝑠
2−1)
[1−
4−1
1−1
𝑎1
𝑎4
(𝑀𝑠−
1
𝑀𝑠
)]
24
4−1
  (Eq. 2.1)  
2.2 UIUC Shock Tube 
 
A photograph of the heterogeneous shock tube is shown in Figure 2.2 and, it consists of a 
3.05m length, 16.5 cm diameter high pressure driver section, a convergent nozzle with double 
diaphragm section and an 8m length, 8.9 cm diameter, low pressure driven section. Stainless 
steel was used to avoid rust formation imposed by the various oxidizers used for experiments. It 
is referred to as heterogeneous due to the nature of the flow with combined gases and condensed 
phase particles. The shock tube is capable of generating temperatures up to 5000 K and pressures 
of 30 atm, ideal for metal combustion. For the interests of this study the test conditions were 
varied from 10-20 atm and kept at a constant 1500 K which is sufficient to ignite the particles 
under the conditions tested.  
21 
 
 
Figure 2.2 Heterogeneous shock tube facility at the University of Illinois at Urbana-Champaign 
 
Previous studies by Bazyn, Lynch, Allen and Fitzgerald have used a variety of oxidizing 
environments including O2, CO2 and H2O and mixed with an inert gas, either Ar or N2 [2,8,21]. 
Tailored gas mixtures are inserted into the driver and driven sections to get the desired reflected 
shock environments. The shock velocity is determined by taking the distance between the 
transducers and dividing by the difference in time of arrivals (TOA). An average velocity can be 
calculated between transducer pairs. Shock attenuation influenced by friction losses at the fluid-
wall interface, which leads to a decrease in the shock velocity between 10 to 20 m/s. Shock 
velocity and initial temperature and pressure of the test mixture are then input into the NASA 
CEA Gordon-McBride chemical equilibrium solver to determine the temperature and pressure 
behind incident and reflected shocks. Figure 2.2 shows a plot printout using a Matlab scheme to 
determine the shock velocity. Data is truncated before the first time of arrival from the pressure 
transducer farthest from the wall and before the reflected shock wave has reached the second 
transducer. The time of arrival in the Matlab schemed is defined as the time it takes to rise from 
the background signal to 50% of the max pressure as shown in Figure 2.3. 
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Figure 2.3 Pressure trace collected from piezoelectric pressure transducers located 0.9398 m, 
0.7366 m and 0 m from the end wall. Shock velocity is taken as the average shock velocity 
between transducers. Shock decelerates 20 m/s between P2 and the end wall. 
 
2.3 Particle Injection 
 
Particles are pneumatically injected radially at a distance of 1.4 m away from the end 
wall. A schematic of the piston, previously designed by Professor Glumac and tested by Bazyn is 
shown in Figure 2.4. A small amount of metal particle sample, around 0.1 mg, is placed into an 
8-32 SS set-screw with a 500 μm hole and screwed to the brass cylinder piston housing upside 
down to avoid spilling any powder in the piston chamber. A tungsten mesh (60 μm) is placed in 
the recess of the cylinder and secured with a retaining ring. A ¼” NC SS solenoid valve is 
situated upstream of the pneumatic ram. Compressed air at 75 psi is released when the valve is 
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triggered from the control room. A solenoid valve from Parker, with an orifice of 3/32” rated for 
275 psi is attached to a quick connect hose fitting and is normally closed. 
 
 
Figure 2.4 Pneumatic Particle Injector [19] Solenoid valve was recently replaced with a Parker 
NC valve with an orifice diameter of 3/32” [2] 
 
After the particles are injected, there is a cloud suspended of assumed monodispersed 
particles in the shock tube, the particles are entrained in the flow generated by the incident shock 
wave, and ignited by the reflected shock wave as shown in Figure 2.5. It is important to inject the 
particles in a timely manner, as they settle rapidly, on the order of seconds. By injecting a small 
amount and dispersing it through the mesh, radiative effects between particles are minimized and 
a rarified assumption can be assumed. Particles near the test section have been subdivided into 
three regions. Region 1, closest to the end wall, consists of large agglomerates that decelerated at 
a lower rate than the free stream particles, Region 2 consists of solitary particles that are 
entrained in the free stream flow, and Region 3 consists of wall-bound particles that either settled 
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in a rapid manner or adhered to the wall opposite of the piston upon ejection as seen in the third 
schematic in Figure 2.5. 
 
Figure 2.5 Schematic diagram of shock tube acrylic end section demonstrating how particles are 
injected into the shock tube and their spatial location for given times. Based on high speed 
images, Region I contained large agglomerates, Region II free stream particles and Region III 
late particles that adhered to the wall. 
 
2.4 Shock Tube Diagnostics 
 
A clear cylindrical acrylic tube, used initially by Lynch [8], is clamped at the end of the 
shock tube to gain optical access of the burning particles. Multiple photosensors are placed at 
predetermined distances from the end wall, with the exception of a high speed camera (Phantom 
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7), which captures the whole event.  Location of the sensors is determined using a thermofluid 
scheme written by Professor Nick Glumac. Three Thorlabs biased detectors (DET36A) and two 
Hamamatsu detectors (H3177-51 and H957-06/931B, labeled PMT1 and PMT2 respectively) are 
implemented. The Si biased detectors have a wavelength range from 350 to 1100 nm with a rise 
time of 14 ns. PMT1 has a rise time response of 1.3 ns and Gain of 1.0 x 107. PMT2 is a Biakali 
reflection mode photocathode with a spectral range of 300 to 650 nm with a rise time response of 
2.2 ns and a gain of 1.0x107. Both PMTs are filtered with a FB500-40 Thorlabs bandpass filter 
with a CWL of 500 ± 8nm with a FWHM of 40 ± 8nm. From Figure 2.6, it can be seen that the 
BP filter captures the v = 0 B-X transition of AlO and in a similar manner the v = 0 B-X 
system centered at 500.7 nm is captured as well. 
To validate the data from the photosensors a Phantom v7.3 high speed camera is placed 
directly in front of the test section. The Phantom v7.3 is a CMOS sensor and has a full frame 
aspect ratio of 4:3, chip size of 800 x 600, 22 μm pixel size and a minimum exposure of 1 μm. A 
55mm f/2.8 lens was initially used to image the O2 tests and a 50mm f/1.4, which has four times 
the light gathering area,  lens was used to image the CO2 tests due to the lower adiabatic flame 
temperature of the particles in this oxidizer. 
Preliminary tests to identify the cloud structure were performed with a Phantom 5 high 
speed camera but the resolution and frame rates were insufficient for quantitative results. The 
Phantom 7 has the capability of capturing more frames while maintaining spatial resolution. Its 
higher sensitivity and frame rates of up to 50,000 fps for given aspect ratios makes it more 
suitable for burn time measurements. A polycarbonate Rosco Roscolux #370 Italian Blue Filter 
was placed in front of the camera, which is centered at 500 nm and drops to 21% transmission at 
400 nm and 560 nm, shown in Figure 2.6. 
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Figure 2.6 (Top) Transmission plot of bandpass filter used for the photomultiplier tubes. 
(Bottom) Color filter chart for filter film used in front of the high speed camera lens. 
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 The bandpass filter centered placed in front the phantom camera decreases the amount of 
thermal emission seen from the event, while capturing five of the vibrational bands for the AlO 
B-X transition. Similarly it captures all of the green and blue bands of MgO from 476.178 to 
519.091 nm. [22] 
After many configurations the phantom resolution was set to 464 x 200 in order to capture 
the whole length of the acrylic section. The spatial resolution in the axial direction is 0.7 mm per 
pixel. A total of three Si photodiodes, two photomultipliers and one high speed camera were 
used as shown in Figure 1.7. 
 
Figure 2.7 Schematic of photosensors and high speed camera imaging in the 12” acrylic section 
attached to the end of the shock tube. 
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2.5 Particle Settling Time 
 
As previously mentioned the metal particles are injected with a pneumatic piston and 
dispersed through a tungsten mesh. After the particles are rammed into the shock tube, the 
diaphragm section is purged with a bypass valve and when the diaphragms rupture once the 
pressure difference is sufficient. This process can take a couple of seconds which is why it is 
important to determine the amount of time the particles are suspended in the vacuumed section. 
A scheme written by Professor Glumac takes fluid properties (density, dynamic viscosity) and 
particle size based on flow in an incompressible medium and balances the gravitational and 
viscous forces. A nominal atomic diameter of 0.33 is used to determine the fluid’s free path 
length. Table 2.1 gives a summary of the settling times calculated for CO2 and O2 with Nitrogen 
at various pressures. The dynamic viscosity is taken on a molar basis at 22oC for the 20%O2 and 
50%CO2 mixture and nitrogen as the inert gas for the corresponding driven pressure necessary to 
create the conditions of in this study.  
Table 2. 1 Particle settling times in seconds using a hydrodynamic model that consist of 
creeping flow in an incompressible fluid. 
  Particle Size, μm 
Oxidizer Pressure [atm] 10 5 
20% O2 10 1.6037 5.3774 
20% O2 20 1.7665 6.3485 
50% CO2 10 1.2744 3.9234 
50% CO2 20 1.4753 5.0389 
 
 
 Particles that have a size of 5 microns stay suspended the longest in 20 atm, due to a 
higher frequency of collisions. The settling time is primarily density dependent, but for the 
particle sizes and alloy concentrations tested there is a small variation. Diaphragm combinations 
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and thicknesses are tailored to ensure a short time between injection and rupture. Settled particles 
can lead to surface perturbations, shock attenuation and bowing as well as turbulent mixing. 
2.6 Particle x-t plots 
 
Locating the burning cloud is essential in determining the behavior of the suspended 
cloud in the shock tube. Prior to the implementation of the particle injector, particles were placed 
on a sting attached to the end wall. Oblique shocks would be generated on the angled leading 
edge which would lead to non-uniformities and increase the complexity of modeling. With the 
new setup a simpler model can be used to determine the flow of the entrained cloud of particles. 
Professor Glumac developed a scheme which determines the particle locations and is described 
in [8]. 
 The input parameters include particle diameter, the distance from the particle injector to 
the end wall, particle properties (density, specific heat, thermal conductivity) and flow conditions 
(shock velocities, gas velocities, temperatures, pressures, viscosities, densities, specific heats and 
thermal conductivities of the incident and reflected shocks). Shock parameters are collected from 
an equilibrium solver (Gordon McBride) for the desired post-reflected test conditions of 1500 K 
and 10atm/20atm. 
 Primarily, the model takes the suspended cloud of particles and accelerates them behind 
the incident shock towards the end wall. A time constant depends on the Knudsen number, Kn, 
fluid viscosity, μ, Reynolds number, Re, drag coefficient and non-continuum effects on drag with 
the necessary constants. At the same time the particle undergoes convection and the Nusselt 
number used takes into consideration continuum (Kn<1) and non-continuum (Kn>1) effects. 
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 Once the incident shock reflects from the end wall, it comes into contact with the 
particles going at the calculated particle velocity, Up. The particle is decelerated until they’re 
stagnated, the conditions are changed to those of the reflected shock. Previous studies have 
shown that the limit of particles size that can be tested at the UIUC facility is of 10 μm, although 
particles of larger diameter have been tested by Roberts et al. [20]. Particle size distribution is 
essential as smaller particles are more rapidly accelerated towards the end wall compared to 
larger ones, which can lead to clouds with non-uniform luminosity. Large agglomerates can 
make it to the end wall and reflect into the line of sight of the photodetectors. These traces can be 
perceived as after burn clouds which may or may not be the case. Table 2.2 below shows the 
stopping distances from the end wall. 
 The average locations for the central location of the free stream particles based on size, 
fluid composition, particle composition and pressure are 7.45 cm, 6.13 cm, 4.58 cm and 7.45 cm 
for mixtures of 20% O2, 20% CO2, 50% CO2 and 50%H2O with N2 as the remaining percentage. 
Based on these calculated locations, a PMT was placed at 7 cm for the oxygen tests and 6 cm for 
the carbon dioxide tests for the 20% concentrations. It was placed at 5 cm for the 50% CO2 
concentrations to minimize the amount of light collected from the particles reacting near the end 
wall. To increase spatial resolution incident light was collected by the PMTs through two slits. A 
5mm slit was located near the wall of the acrylic section and a second 3 mm slit was located near 
the detector head. 
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Table2.2 Particle settling distances from the end wall using a thermos-fluid model that 
takes in transport properties calculated from a finite model chemical equilibrium solver. 
Oxidizer Pressure [atm] Particle Size [m] Distance [m] 
20 % O2 
10 
 
Mg 
5 7.596 
10 7.204 
50Al-50Mg 
5 7.596 
10 7.204 
20 
Mg 
5 7.657 
10 7.349 
50Al-50Mg 
5 7.657 
10 7.349 
20% CO2 
10 
Mg 
5 6.301 
10 5.875 
50Al-50Mg 
5 6.301 
10 5.875 
20 
Mg 
5 6.317 
10 6.021 
50Al-50Mg 
5 6.317 
10 6.021 
50% CO2 
10 
Mg 
5 4.731 
10 4.308 
50Al-50Mg 
5 4.731 
10 4.308 
20 
Mg 
5 4.784 
10 4.492 
50Al-50Mg 
5 4.784 
10 4.492 
20% H2O 
10 
Mg 
5 7.684 
10 7.375 
50Al-50Mg 
5 7.2684 
10 7.264 
20 
Mg 
5 7.703 
10 7.264 
50Al-50Mg 
5 7.703 
10 7.375 
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2.7 Particles 
 
Two different sizes of Magnesium and Aluminum-Magnesium particles were used in this 
study: 5 μm and 10 μm sizes. Atomized 1-11 micron Magnesium was purchased from 
Pyrochemsource and sieved to attain the desired size distribution. A commercial 50Al/50Mg 
powder was bought from Valimet -270 mesh and sieved in a similar manner as the magnesium 
powder. The atomized magnesium is provided by Hart metals with high quality free-flowing 
powders with a low oxygen content. Figure 2.8 demonstrates an image of the arc atomizer and 
proprietary system on the left and a SEM image to demonstrate the size and spheroid like shape. 
  
Figure 2.8 (Left) Hart metals arc atomizer used to manufacture Mg particles used. (Right) SEM 
image of spheroidized Mg 
 
The powders were sived using the Gilson Company Gilsonic Automatic Sieving Machine 
as seen in Figure 2.9. Two electroformed wire meshes are used, a 10 μm (GAA-83) and a 5 μm 
(GAA-84). Approximately 10-25 g of the powder is placed on a coarser sieve to minimize 
agglomorates. The particles underwent three cycles of 60-100 minutes to ensure sufficient 
separation. A higher max amplitude can lead to rupture of fine mesh sieves. The autosiever has 
horizontal and vertical polyethylene bumpers that impact the sieve assembly at the frequency set 
on the display. Only the vertical bumpers are used for fine sieves that have a mesh size of 10 μm 
or below as the horizontal bumpers have been shown to rupture fine sieves. 
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Figure 2.9 Gilson automatic siever with the sieve assembly. 
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Chapter 3    
RESULTS AND DISCUSSION 
 
 Particles were tested in 20% O2, 20% CO2 and 50% CO2 mixtures with N2 used as the 
balance gas. Particles behaved in a similar fashion to aluminum particles previously tested in the 
shock tube, with defined cloud structures. Particles that have been tested in the shock tube 
include nano-Al, TiB2 Al-Li and Boron [10, 21]. 
3.1 Particle Location 
 
 In order to determine where to place the photosensors prior to testing, a set of simulations 
were performed to predetermine the location and place them within the vicinity. Transport 
properties are taken from the NASA CEA printout for the desired test conditions. CEA 
calculations are based on either the finite or the infinite chamber area model, shock wave 
calculations and Chapman-Jouguet detonations. In our case the conditions were varied between 
10 and 20 atm and 20% or 50% oxidizer, for oxygen and carbon dioxide respectively. Sample 
code inputs are shown in Table 3.1. Flow properties are calculated at equilibrium for the oxygen 
environment and frozen chemistry is used for the carbon dioxide case. The reason for this is that 
the finite model does not converge for the desired CO2 concentrations in the desired driven gas 
section, because the database did not have the necessary data to converge properly. Comparison 
between the frozen and equilibrium chemistry for a mixture of 20% O2 and 80% N2 resulted in a 
reflected frozen temperature of 1504.14K and the reflected equilibrium temperature of 
1500.18K, which gives less than a 1% difference. 
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Table3.1 Input parameters for the particle location code 
Parameter 10 um Mg 5 um Mg 
10 um 
50/50 
5 um 50/50 
Diameter [m] 0.00001 0.000005 0.000005 0.000005 
Distance to End wall [m] 1.397 1.397 1.397 1.397 
Incident Shock Velocity [m/s] 1142.47 1142.47 1142.47 1142.47 
Incident Flow Velocity [m/s] 267.12 267.12 267.12 267.12 
Reflected Shock Velocity [m/s] 276.08 276.08 276.08 276.08 
Viscosity - Incident Shock [N-s/m^2] 0.00039871 0.00039871 0.00039871 0.00039871 
Viscosity - Reflected Shock [N-s/m^2] 0.00056995 0.00056995 0.00056995 0.00056995 
Density - Incident Shock [kg/m^3] 0.72935 0.72935 0.72935 0.72935 
Density - Reflected Shock [kg/m^3] 2.3125 2.3125 2.3125 2.3125 
Temperature - Incident Shock [K] 879.89 879.89 879.89 879.89 
Temperature - Reflected Shock [K] 1500.71 1500.71 1500.71 1500.71 
Thermal Conductivity - Particle [W/m-K] 130 130 163.2 163.2 
Specific Heat of Particle [J/kg-K] 1020 1020 960 960 
Density - Particle [kg/m^3] 1740 1740 2195 2195 
Thermal Conductivity - Incident Shock [W/m-K] 0.05995 0.05995 0.05995 0.05995 
Thermal Conductivity - Reflected Shock [W/m-K] 0.09319 0.09319 0.09319 0.09319 
Specific Heat - Incident Shock [J/kg-K] 1125.3 1125.3 1125.3 1125.3 
Specific Heat - Reflected Shock [J/kg-K] 1240.1 1240.1 1240.1 1240.1 
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 Particle locations measured fall between ± 1 centimeters from the values obtained from 
the model. The center of the cloud is determined from the high speed images. Experimentally the 
burning cloud was found to be between 5.5 and 6.75 cm from the end wall for the tests in 20% 
CO2. Tests in 50% CO2 gave a central location between 3.25 and 5.5 with an average location of 
4.52 cm. Values for a mixture of 50% CO2 at 2000K and 20 atm were also estimated but the 
settling location for the particles fell below 3 cm. At this location it would become a challenging 
task to differentiate between free stream particles and larger reflected particles. All sequences 
collected with the high speed camera showed defined cloud structures. 
 
Figure 3.1 Particle location plots for a 20% O2 and 80% N2 mixture at different pressures. The 
shock velocity for both the 10 atm and 20 atm cases are similar which allows all cases to be 
compared on the same plot. 
 
3.2 Burn Time Methods 
 
 To minimize uncertainty and at the same time minimize test redundancy multiple 
photometric measurements are employed. These include but are not limited to photodiodes, 
photomultiplier tubes and high speed cameras. Figure 3.2 shows the summary of the burn times 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 500 1000 1500 2000 2500 3000
D
is
ta
n
ce
 f
ro
m
 E
n
d
 W
al
l [
m
]
Time [μs]
5um 50:50 (10 atm)
5um Mg (10 atm)
10um 50:50 (10 atm)
10um Mg (10 atm)
5um 50:50 (20 atm)
5um Mg (20 atm)
10um 50:50 (20 atm)
10um Mg (20atm)
37 
 
for the collected particles normalized to particle sizes of 5 and 10 microns. For this study the 
particle size distribution was not taken into account, although it may play a role in ignition, 
coupled burn time, etc. However, the distributions were kept reasonably between 5 and 10 
microns and < 5microns with perhaps a small percentage of nano particles. If nano particles are 
present, the effects wouldn’t be apparent.  As seen on the table below, majority of the burn times 
fall below 0.6 ms which is well within the test time of the shock tube. At this time the reflected 
shock wave has not rebounded from the contact surface. 
 From here on the naming convention for each test will be as follows: 
101A2C314 – 15005 (50%6) 
Where, 
1 – Particle Size, 5 or 10 
2 – Particle Type, Mg or Alloy 
3 – Oxidizer, Oxygen or Carbon Dioxide 
4 – Pressure, 10 or 20 atm 
5 – Temperature, if omitted it is 1500 K 
6 – Oxidizer Concentration, if omitted it is 20% 
 
 There is a large spread of burn times between 500 and 1200 µs, but majority of the burn 
times are located between 100 and 600 µs. At a first glance there are no obvious trends but as 
each of the parameters are dissected there appears to be pressure dependence that behaves 
inversely depending on the oxidizer. 
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Figure 3.2 Summary of results. 
 
3.3 Photomultiplier Tubes 
 
 In order to get as much quantitative data as possible, the PMTs and PDs are placed every 
4 cm starting from 3 cm. Figure 3.3 shows the non-normalized traces for all sensors for 10 μm 
alloy composed of 50Al:50Mg by weight in 20% O2 and 80% N2 at 10 atm. Test times in the 
shock tube range from 2 to 3 ms. For particles close to the end wall there is a long burn time 
which extends beyond the collected time and well beyond the test times of the shock tube. The 
collected feature can be accounted due to large particles and agglomerates which took longer to 
decelerate to a complete yield or collide with the end wall. A similar behavior is seen for traces 
at 11 and 15 cm from the end wall, which can account for particles that got attached to the inner 
walls upon injection and entered the test section late into the event. The PMT set at 7 cm which 
collects light through a 5 mm and 3 mm slit shows a defined rise and decay with two smaller 
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peaks in the tail end of the trace, which could be accounted for larger particles burning as a result 
of the particle size distribution. 
 
Figure 3.3 Cumulative luminosity plots from different photosensors located at preset locations 
from the end wall. 
 Based on previously mentioned results, PMT1 was placed accordingly with the rest of the 
detectors evenly spaced out every 4 cm. Signals were terminated with a 50 Ω terminator to 
minimize the effects of reflected and standing waves in the BNC transmission lines for tests 
performed in a 20% O2:80%N2 mixture.  
When transitioning into the CO2 tests, at first the signal was indiscernible. It was initially 
assumed that the particles were not igniting at 1500K and 10 atm for a 20%CO2 mixtures. High 
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speed images showed faint traces of burning particles. In order to determine what conditions 
would ignite the particles a short series of tests were performed. A bright burning cloud saturated 
the high speed camera for tests at 2000K, suggesting that particle ignition did occur at the lower 
temperatures. In order to gain signal the 50 Ω terminator for PMT1, closest to the end wall, was 
switched to 5 kΩ and a visible trace was captured as seen in Figure 3.4. It was here that the 
secondary peak structure was noticed and similar traces were captured by the Phantom camera. 
An early assumption adapted was the dissociation of CO2 to CO and O2, which would result in a 
secondary chemical reaction between the liberated Oxygen and any particles that did not undergo 
full oxidation. 
 All data is transferred to Picoscope 6 from multiple 4 channel digital oscilloscopes at a 
frequency of 1 million samples per 20 ms or 50MHz. Unlike the carbon dioxide environment, 
oxygen behaved in a well-manner with a clear rise and rapid decay without the secondary burn 
region.  
Two methods of processing data were used to gain quantitative measurements from the 
PMT and image sequence. Burning times using the total area method, FWHM and FWQM are 
determined for the particle. The start of the test is marked by the reflected shock wave hitting the 
wall transducer and the end time is 3 ms beyond that. During this time frame the traces collected 
from the PMT have fallen to near background levels for the O2 cases. Tests in carbon dioxide are 
treated different due to the secondary rise. For these tests an exponential curve is fitted to the 
decaying portion of the trace from the maximum Imax to 50% Imax. In several cases the maximum 
intensity did not come from the initial peak and the data had to be bifurcated. 
 Initial tests only took measurements with the photomultiplier tube which gave limited 
data to the chosen locations. For further investigation of the burning cloud a Phantom camera 
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was coupled with the current photometric to gain insight on the cloud structure, fluid behavior 
and thermal radiation. 
 
Figure 3.4 (Top) Luminosity trace using a PMT 4 cm from the end wall with the following 
conditions 50% CO2, 10um Mg, 10 atm, 2000K with 5 kΩ terminator (Bottom) Luminosity traces 
using a PMT 7 cm from the end wall with the following conditions: 20 % O2, 5um Alloy, 10 atm, 
1500K with 50 Ω terminator 
42 
 
3.4 Phantom Camera 
 
At first the PMT traces collected with the PMT and PDs were sufficient to understand the 
burning behavior in the test section. However, after more irregular traces, a method of imaging 
the whole section was implemented. Images are collected with the Phantom v7.3 simultaneously 
to gain visualization of the incident and reflected flow and to determine if unwanted ignition 
took placed behind the incident shock wave. There is the probability that the incident shock wave 
temperatures may ignite the particles in a non-quiescent flow. Incident shock temperatures were 
below 1000K, no ignition was seen from the sequence of images which is evidence for 
previously presented ignition temperatures. Upon passage of the reflected shock wave, particles 
are instantaneously heated up at rates on the order of 107 K/s which approaches isothermal 
heating at the particle surface. These particles are ignited, move a few mm until they are fully 
decelerated and this is where the particle burn times are measured. Luminosity of the B-X 
transitions of MgO and Al2O3 are targeted using a Roscolux 370 filter. It is placed in front of a 
Nikon 50 mm f/1.2 lens which cuts transmission by 67% at the central wavelength of 500 nm 
and falls down to 21 % transmission to 400 nm and 560 nm.  
 The current setup has a resolution of 464 x 200, tests are performed at different framing 
speeds, which depend on powder tested and oxidizer. A frame rate between 21,000 to 25,000 fps 
is used for particles burning in CO2, with the alloyed particles imaged at the lower limit. A frame 
rate between 50,000 to 58,000 fps, which gives an interval between images between 17 to 20 μs, 
is used for the O2 tests.  
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Figure 3.5 Here 5 m particles are ignited behind the reflected shock which generates a test 
condition of 20 atm and 1500K in a gas mixture composed of 50% CO2:50%N2 
 
 Difficulties imaging the burning cloud for CO2 will be explained in detail below with 
recommendations to follow for consistency and minimize uncertainty. In order to post-process 
the images collected from the Phantom 7 several steps were required. The sequences were 
uploaded to ImageJ, where the spatial location of the burning cloud was located. A mask is 
manually placed around the burning cloud around the most luminous region. The Z-axis profile 
is plotted, which is essentially the time resolved integrated area for the image sequence. These 
values are imported as a text file and post processed in Matlab. In Figure 3.6 the secondary burn 
region was observed beyond the test time. In order to filter out this region an exponential fit is 
imparted on the data from the maximum peak intensity to half of that value. The burning times 
are determined from the total area method, FWHM and FWQM aforementioned. 
t = 98.2 μs 
t = 131.7 μs 
t = 165.2 μs 
t = 198.7 μs 
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Figure 3.6 Phantom 7 post-processing scheme 
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Figure 3.7 (Top) Luminosity trace for a 10 m Mg particle in 50% CO2:50% N2 at 10 atm and 
2000 K (Bottom) Luminosity trace for a 5 m in 20 % O2:80% N2 at 10 atm and 1500 K. 
 
 In order to determine the location of the particles it is important to determine the 
repeatability. At the same time differentiate between free stream and non-free stream particles. 
Initially burn times for these particles extended beyond the test time for the shock tube, as 
measured through an optical fiber coupled to a Si biased detector as seen in Figure 3.8. These 
long burning times were associated to the area collected from the optical fiber acceptance core. 
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To maximize spatial resolution and sensitivity, PMTs were added. All of these measurements 
coupled together gave a quantitative view of the burning behavior of the particles in the different 
oxidizers discussed in this study.  
 Images collected from the high speed camera were vertically binned and plotted against 
time to keep track of the cloud’s centroid. The chaotic nature of the event can be seen in Figure 
3.8. At first glance it can be noted from the first image that a larger cluster of particles is located 
at the bottom half of the shock tube. This should not be surprising since the settling time of the 
particles is on the order of seconds for the conditions tested. A method to assure that a majority 
of the particles were in the free stream it is necessary was to purge the diaphragm section first 
and quickly inject the particles. Although this method allowed for a larger portion of the particles 
to be caught in the free stream, the timing and reaction delay lead to failed attempts.  
 Initially there is a strong signal from the burning cloud and at later times there is a 
diffusive region that extends far into the acrylic section. The signal could be from hot condensed 
phase products not coupled with the free stream particles. These hot condensed products emit 
radiation well beyond the test time and can be accounted for a dragged out tail on the decay 
portion of the plots. 
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Figure 3.8 Traces recorded from Silicon photodiodes at different locations from the end wall. 
Long burn times are a cause of the large area of light captured through the fiber optic 
acceptance core. 
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 Figure 3.9 shows a sequence of images for a carbon dioxide tests, which shows dim 
evidence of a burning cloud before being dispersed into the shock tube. Dispersion effects are 
coupled with thermal background effects which made it difficult to determine burn times 
quantitatively.  
 
 
 
 
Figure 3.9 Sequence of images for 10 um alloy injected into a 20% CO2:80% N2  mixture with 
reflected pressure and temperature of 10 atm and 1500 K.  
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 Vertically binned images were helpful in determining the location and movement of the 
burning cloud based on its centroid. As was seen in Figure 3.8 tests with high uncertainties do 
not have a defined location for the particles, whereas those tests with more distinct features are 
used to determine the burn times more effectively. The left image in Figure 3.10 shows data 
collected from the Phantom 7 with a 50 mm lens set to f/1.2 and an exposure of 10 μs with a 
frame rate of 21,505 fps at 1850K and 10 atm. For the test conditions and camera settings, the 
collected images are saturated which gives the large spread of luminosity. With similar settings 
at a higher concentration of CO2 (50%), 10 atm but a lower temperature, 1500 K, the bin analysis 
shows a clear centralized structure which can be associated to the burning free-stream particles. 
Although the centroid is located for each time step, the method used to analyze the intensity was 
steady and non-dynamic and only accounted for particles burning in the user defined mask which 
had a spatial width between 5 to 10 mm. 
 
Figure 3.10 (Left) Temporally binned profile for 10 micron 50Al:50Mg alloy in 20% CO2 at 10 
atm and 1850 K, (Right) Temporally binned profile for 5 micron 50Al:50Mg alloy in 50% CO2 at 
10 atm and 1500 K 
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3.5 Burn Time measurements in O2 mixtures 
 
 Although not considered fuels, metals are under the same classification of coal and wood. 
On a weight basis, metals liberate as much heat as carbon, methane and acetylene. Ignition 
temperature of metals is classified in two categories, whether it falls below or above its melting 
point. Reflected shock temperatures are 1500K ±50K, which is well above the ignition 
temperatures shown in Table 3.1. A sequence of images recorded by the Phantom 7 high speed 
camera shows individual particles igniting and forming the cloud structure that can be seen in 
Figure 3.11. Free stream particles can be seen undergoing ignition. As they reach the maximum 
luminosity the camera detector becomes saturated and the cloud slowly becomes faint. A well 
dispersed cloud minimizes the effects of radiative heating between particles. Burn times for the 
alloys in oxygen are within the given range of the Beckstead correlation and are similar to 
previous tests of pure 10 micron aluminum at a temperature of 2400-2700K and 8-9 atm. [3] 
Results collected in this study show longer burn times which would indicate either an inverse 
correlation with pressure or a direct correlation with temperature.  
 Burn times of the magnesium particles were shorter than previously recorded from 
various authors summarized in Appendix C. These shorter burn times can be attributed to the 
near isothermal environment generated in the shock tube. Ignition temperatures has been shown 
to increase at higher heating rates for Al-Mg high energy milled powders and lies approximately 
at 860 K using a CO2 laser for ignition [17]. At slower heating rates the ignition temperature has 
been shown to be around 783K. The shock tube has a heating rate of 107 K/s. However, based on 
incident shock temperatures, ignition does not occur below 1000 K. 
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Table3.2 Melting, Boiling and Ignition temperatures for selected metals. 
Metal Melting Temp. [oC] Boiling Temp. [oC] Ignition Temp. [oC] 
Aluminum 660 2452 555 
Iron 1535 3000 930 
Lithium 186 1336 180 
Magnesium 650 1110 623 
Thorium 1845 4500 500 
Titanium 1727 3260 1593 
Zirconium 1830 3577 1400 
  
 
 
    
    
    
    
Figure 3.11 Phantom Images of a burning cloud of particles composed of 5 μm 50Al:50Mg in a 
20%O2:80%N2 mixture at 10 atm and 1500 K. Particles look well dispersed. 
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3.5.1 Particle Size Dependence 
 
 The two sizes of particles, 5 and 10 μm, were tested in the oxygen environment with 20% 
oxidizer at 1500K. As can be seen from Figure 3.12 at 10 atm the burn times for the 50Al:50Mg 
and Magnesium particles all fall within the range of 0.1 to 1.2 ms. These outliers were collected 
with a PMT prior to implementing the Phantom 7, there is the possibility that large agglomerates 
entered the collection area, but without imaging, it is impossible to know for certain. The values 
were included for documentation for future work. Burn times for particles of 10 micron have a 
narrower range of burn times which may suggest a similar flame structure and combustion 
mechanism. As the particle size decreases the burn time decreases, for both the alloy and pure 
magnesium. The pressure and temperature are maintained constant. Using the correlation of 
tb=kd
n  the values for magnesium is n~1.0981 and for the alloy is n~0.368. For reference for pure 
aluminum the value of 0.368 is far from the kinetic limit (1) and the diffusion limit (1.5-2) which 
shows a coupled effect between aluminum and magnesium. However, the exponential value for 
Magnesium is lower than the d2 law as seen by [5] as well. In this regime there seems to be a 
drift from particle size to pressure dependence, which may be initial evidence for a transition 
regime as presented by Bazyn on aluminum particles [2]. 
 Another characteristic of the plots collected from the PMT was a precursor peak seen in 
several traces collected, as seen in the bottom image of Figure 3.4. These can be accounted for 
fine to very fine particles. 
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Figure 3.12 (Top) Particle dependence in an oxygen mixture and (Bottom) Power fit for 
averaged burn times in a 20% oxygen environment. 
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3.5.2 Pressure Dependence 
 
 Pressure dependence has been determined for aluminum from the Beckstead correlation 
which is used even outside of the range of data and it has a d-1.8T0.2P0.1X, d is diameter, T is 
temperature, P is pressure, and X is mole fraction of the oxidizer. A similar correlation exists for 
magnesium particles but no clear pressure and temperature dependence has been shown. Tests 
performed for 10 micron sized alloy and magnesium particles showed a trend towards shorter 
burn times with Magnesium particles having the higher pressure dependency. The coefficients 
are summarized on Figure 3.13. There is an obvious pressure dependence for all particles except 
the 5 micron Mg. An early assumption is that particles of this size are transitioning into a 
kinetically limited mode of combustion. 
 Burn times of metal particles are classically believed to be independent of pressure to the 
first order. However, the dependence on pressure is a clear contradiction to this statement. This is 
indicative of a surface limited combustion mechanism similar to that of aluminum. As the 
particle size decreases the kinetic rates become more important in the combustion process. 
Figure 3.14 shows a comparison from PMT traces collected from a particle distribution between 
5 and 10 micron for 50Al:50Mg particles in a 1500K and 10 atm/20atm environment. For the 10 
atm case there appears to be an ignition delay with a primary peak before the main intense peak, 
which can be accounted for the particle size distribution. A more distinct structure is seen in the 
case with the test pressure at 20 atm, which leads to even shorter burn times. At a higher pressure 
the chemical kinetics occur at a much faster rate. 
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Figure 3.13 Pressure dependence on 10 and 5 micron particles in a 20% O2 and 80% N2 mixture 
 
 
Figure 3.14 Luminosity PMT trace from 10 micron sized 50Al:50Mg particle at 1500K in a 
20%O2:80%N2 mixture at 1500 K 
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3.6 Oxidation in Carbon Dioxide Mixtures 
 
 Another oxidizer of interest is carbon dioxide as it is an abundant in solid rocket motor 
exhaust gases as well explosive fireballs. Previous research has focused on various techniques 
such as spectroscopic measurements, electric furnaces and thermogravimetric studies. [23, 24, 
27] Computational models for rockets such as the Atlas kerosene/LOX have shown gases which 
primarily consist H2O, CO, CO2 and H2. Assuming no-slip at the gas-solid interface with 
adiabatic temperature, they estimate approximately 17% CO2 in the plume of products on a 
molar basis. [28] Similar concentrations are seen in other solid rocket motors. For comparison 
with the oxygen tests the initial composition was 20% CO2 with nitrogen as the balance gas. Test 
conditions were kept the same. A cloud of burning particles was seen burn in a similar fashion as 
the clouds burning in oxygen and with similar burn times. At the time these tests were performed 
the shock tube had a leak rate of approximately 0.04 torr/s, which let in 5-8 torr of atmospheric 
air or 2-3% O2. After the leak rate was addressed and reduced to 0.009 torr/s, a mixture of 20% 
CO2, 2% O2 and N2, used to mimic the intrusive atmospheric air. No ignition was seen using the 
current setup with an exposure of 3 μs. The exposure was set lower because at this time the lens 
on the high speed camera was switched from a 55 mm f/2.8 lens to a 50 mm f/1.2 lens.  
Figure 3.15 shows three tests with similar conditions to determine the repeatability of the 
shock tube and diagnostics. The tested powder was 10 μm 50Al:50Mg in conditions with an 
average temperature and pressure of 1532.8 K and 10.625 bar, respectively. Settings on the 
phantom 7 give an interval of 47 μs and exposure of 25 μs. The inconsistency in time is due to 
different trigger times of the equipment which depend on the arrival of the incident shock on a 
transducer used as a pressure gate. No ignition was seen beyond the times shown for the middle 
and bottom tests. 
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 A previous study of Mg particles in atmospheres of pure CO2 and mixtures of CO2:Ar 
(1:1 and 1:2 by volume) [25] determined the ignition delay times to fall in the range of 1 to 7 ms. 
Tests performed in an electrodynamic levitator were showed that ignition probability was 
dependent on the partial pressure of CO2. Ignition probability in a 1:2 mixture with partial 
pressure of 0.3 MPa is approximately 31%. Assuming the mixtures used in this study behave 
similarly, the partial pressure of 0.20265 for a 20% mixture results in 0% of ignition. Although 
the balance gas and ignition method are different the mixture was increased to 50% to avoid 
ignition inconsistency. Oxidation and combustion of solitary particles at 1 atm of CO2 have been 
tested in a slow thermogravimetric process as temperatures between 898 to 1323 K. [26, 27] 
Particles were tested in a 20% mixture at 20 atm and ignition occurred but a trend between lower 
pressures would not be possible for this concentration.   
 
Figure 3.15 Ignition repeatability of 50Al:50Mg alloys in a 20% CO2:80% N2 mixture at P5 = 
10 atm and T5= 1500K. 
t = 169.5 μs 
t = 148.4 μs 
t = 158.8 μs 
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 Although images were captured for a 20% CO2 concentration, as seen in Figure 2.16, it is 
uncertain if these were ignited due to the presence of atmospheric oxygen in the mixture as a 
result of a previously existing leak rate. The results were still included in this study to determine 
any similarities between the 50% concentration, but no trends were noticeable between the test 
conditions. The only similarity is the burning behavior which shows a strong thermal emission 
which can be accounted for the long exposures used in this study. These high values were 
necessary to obtain a discernable trace. 
 
 
 
 
 
 
 
 
 
 
Figure 3.16 Phantom Images of a burning cloud of particles composed of 10 μm Mg in a 
20%CO2:80%N2 mixture at 20 atm and 1500K. Background thermal effects can be seen beyond 
reasonable shock tube test times. 
t = 90.3 μs 
t = 219.9 μs 
t = 349.5 μs 
t = 479.1 μs 
t = 0.6087 μs 
t = 738.3 μs 
t = 867.9 μs 
t = 997.5 μs 
t = 1040.7 μs 
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3.6.1 Dissociation of CO2 
 
 In several tests with a carbon dioxide environment a secondary peak is observed. 
Reflected particles in the field of view or dissociation effects were considered as likely effects. 
First the decomposition of carbon dioxide is considered. A list of average bond energies for 
different C, H, and O combinations is shown below. Bond energies for the same bonds varies as 
it depends on whether the bond is attached to other molecules and the overall influence on the 
bond (i.e. C=O in CO2 has a higher bond energy than C=O in a larger molecule). Carbon dioxide 
has two C=O bonds with an average bond energy of 391 kJ/mol for each shared pair of electrons. 
The energy of bonds between atoms is higher when the difference between their 
electronegativity differs greatly. A great example is the double bonds of carbon dioxide. The 
larger bond energy requires more energy to break the molecule apart which plays a role of the 
lower adiabatic flame temperature in the carbon dioxide environments.   
Table3.3 Average bond energies in CO2, O2 and H2O 
Bond kJ/mole 
O-H 460 
C-O 326 
H-H 431 
O=O 485 (2 x 242.5) 
C=O 782* (2 x 391) 
C=C 606 (2 x 303) 
 
 Carbon dioxide is a very stable molecule and requires a giant amount of energy to 
undergo full decomposition. Dissociation was first researched by St. Claire-Deville at 1573K and 
Trevor et al. up to 3273 K [29]. Their estimated pressure and temperature dependent dissociation 
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percentages are shown in Table 3.4. At 10 Atm and 1000oC the percentage of dissociation is 
negligible, 0.005%, and increases slightly to 24.9% at 4000oC. For these results the mixtures 
were composed of only CO2. Carbon dioxide can also be decomposed chemically by exposing 
the gas to heated metals such as aluminum and magnesium as shown in equations Eq. 2-3. 
 
 2CO2  2CO + O2 (Eq. 3.1) 
 2Al + 3CO2  Al2O3 + 3CO (Eq. 3.2) 
 CO2 + 2Mg  2MgO + C (Eq. 3.3) 
 
Table 3.4 Temperature and Pressure Dependency on the Dissociation of Carbon Dioxide 
Temp.°C. 0.001 Atm 0.01 Atm 0.1 Atm 1 Atm 10 Atm 100 Atm. Qt [kJ] 
1000 0.11 0.05 0.024 0.011 0.005 0.0024 -262177.81 
1500 9.5 4.6 2.2 10 0.5 0.2 -234827 
2000 57.7 34.7 18.3 90 4.3 2.0 195673.128 
2500 87.0 69.6 46.0 25.7 13.0 6.3 -144933.76cals. 
3000 93.9 83.4 62.7 [40.0] 21.6 10.8 -82600.528 
3500 95.4 87.0 69.7 46.1 25.7 13.0 0 
4000 95.1 86.4 66.6 45.0 24.9 12.6 +76747.112 
 
3.6.2 Particle Size Dependence 
 
 Just like in the O2 cases the particle size was analyzed to determine the size dependency 
on the total burn time. Measured burn times as seen on the left image in Figure 3.17 are between 
0.1 to 0.5 ms with a large spread for the 10 μm particles, as for the 5 μm particles the burn times 
are closer to each other. The particle burn times for the aluminum-magnesium particles are close 
to the solidary magnesium and aluminum particle burn times as seen in this study and previous 
studies. [5] This study reported shorter burn times than previously recorded for magnesium 
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particles which are similar to the burn times for the alloyed Mg-Al particles. There is still a slight 
drift from the previously reported burn times which follows a d2 law.  
 
 
Figure 3.17 (Top) Collected burn times for 5 and 10 micron sized magnesium and 50Al:50Mg 
particles in 20% Carbon Dioxide. (Bottom) Power trends for 20% and 50% CO2 for particle 
sizes normalize to 5 and 10 microns. 
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 The first initial tests were performed with a mixture of 20% CO2, however, at the time 
these tests were performed the shock tube had a non-negligible leak rate of ~ 0.05 torr/s, which 
introduced on average 5 torr of atmospheric air or 1% oxygen for the 10 atm case. To mimic 
these results a mixture with 20% CO2, 2% O2 and 78% N2 was tested. Ignition was not observed 
but this could be due to a change in experimental setup. As aforementioned the concentration 
was increased to 50% due to ignition uncertainty. Perhaps ignition does occur for a concentration 
of 20% CO2 at 1500K and 10 atm, but it wasn’t until after the concentration was shifted to 
50%CO2 that the ideal diagnostic settings were procured. Size dependence t α dn for the 20% 
mixture is n ~ 0.3316 and for the 50% mixture it is n ~ -0.045. As the concentration is increased 
the particle dependence is minimal but the burn time is lowered by 0.0461 ms and 0.1117 ms for 
the 5 and 10 μm sized particles, respectively. 
3.6.3 Pressure and Temperature Dependence 
 
 The effects of pressure and temperature are also considered for the powders in the carbon 
dioxide environment. Pressure dependence of carbon dioxide does not demonstrate a drastic 
dependence, instead it increases the pressure slightly for all particles tested with the exception of 
10 micron Magnesium. These effects were previously seen for 10 micron aluminum particles and 
it was viewed as a result of dissociation at the particle surface. At these elevated temperatures 
dissociation becomes more prominent and intermediate species (e.g. O, CO, CO2) but 
dissociation is reduced at elevated pressures, which may lead to the inverse dependence on 
pressure. As for the 10 micron Magnesium, there is no clear explanation as to why it would 
follow the trend but it could be due to a transitional mode of combustion dominated by a 
diffusion flame. As the size of the magnesium particle decreases to 5 microns the pressure 
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dependence shifts which could be evidence of a transitional regime in this region. A similar trend 
can be seen for the alloy, although it is uncertain if the kinetics would be dominated by 
aluminum or magnesium.   
 Temperature was raised to 2000 K to determine if there was a temperature dependence 
but these tests made it unclear of the burning behavior of the particles as seen in Figure 3.18. The 
burn times are higher at the elevated temperature but after further investigation this could be a 
due to incomparable results. Thermal effects were more prominent which elongated the tail end 
of the trace. Further investigation would require adjustment of the experimental setup.  
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Figure 3.18 (Top) Burning times are plotted based on an average number and normalized to the 
target pressures of 10 and 20 atm for 10 micron Mg and 50Al:50Mg particles (Bottom) Burning 
Times normalized to particle size for Magnesium particles at different temperatures. 
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Chapter 4    
CONCLUSIONS AND RECOMMENDATIONS 
 
4.1 Summary and Conclusions 
 
This study provided some insight on the different methods to analyze burn times for Magnesium 
and Aluminum-Magnesium powders. Previous work has been performed on much larger 
particles, and this research focused on the ignitability at 1500 K in O2 and CO2 environments. 
 Spatial and temporal measurements of the particles were performed using different 
diagnostics, including biased detectors, photomultiplier tubes and high speed imaging. 
 Ignitability of the magnesium based powders was achieved for all conditions, with the 
exception of the 20% CO2 mixture. There seems to be a partial pressure dependence 
similar to work done with CO2:Ar mixtures. Ignition occurred for a couple of tests but it 
was very sporadic. Eventually the mixture was increased to 50%. 
 Burn times collected in the both oxidizing environments fell between 0.1 to 1 ms. Burn 
times for the Mg powders were lower than what has been previously recorded in 
literature, suggesting a further parametric study on magnesium particles under different 
test conditions and sizes. 
 Intensity traces for particles in a carbon dioxide environment show a secondary peak 
structure, which shows up in both the PMT and high speed camera traces. At a first 
glance it seems that wall reflected particles enter the location of the initial burning cloud 
or late particles that initially settled on the wall post injection. By studying the videos, it 
is obvious that the initial cloud breaks up and majority of the particles begin moving 
towards the direction of the reflected shock. 
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 Higher temperatures in the 50% CO2 mixture resulted in a longer burn time, which may 
suggest incomplete combustion of the particles at the lower temperature. 
4.2 Recommendations for Future Work 
 
Although this study examined the effects of alloying magnesium to aluminum, there are 
many scenarios which have not been answered. As mentioned in 3.6.3 the effects of temperature 
were counterintuitive. A study should focus on varying the temperature below 1500 K and above 
1500 K to target the ignitability probability for a given concentration and the effects of 
temperature. At the same time the oxidizer concentration should be varied to gain a full behavior 
mechanism for these alloys.  
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APPENDIX 
Appendix A – Particle location plots for O2 and CO2 for magnesium and 50Al:50Mg (by 
weight) particles. 
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Appendix B – Sample NASA CEA printout with transport properties 
 
******************************************************************************* 
NASA-GLENN CHEMICAL EQUILIBRIUM PROGRAM CEA2, MAY 21, 2004 
BY BONNIE MCBRIDE AND SANFORD GORDON 
REFS: NASA RP-1311, PART I, 1994 AND NASA RP-1311, PART II, 1996 
******************************************************************************* 
problem 
shock inc ref eq u1=1143, t,k=295, p,mmhg=110, 
react 
name=O2 moles=0.2 t,k=295 
name=N2 moles=0.8 t,k=295 
output transport 
end 
OPTIONS: TP=F HP=F SP=F TV=F UV=F SV=F DETN=F SHOCK=T REFL=T INCD=T 
RKT=F FROZ=F EQL=T IONS=F SIUNIT=T DEBUGF=F SHKDBG=F DETDBG=F 
TRNSPT=T 
T,K = 295.0000 
TRACE= 0.00E+00 S/R= 0.000000E+00 H/R= 0.000000E+00 U/R= 0.000000E+00 
P,BAR = 0.146655 
REACTANT MOLES (ENERGY/R),K TEMP,K DENSITY 
EXPLODED FORMULA 
N: O2 0.200000 -0.111273E+02 295.00 0.0000 
O 2.00000 
N: N2 0.800000 -0.110337E+02 295.00 0.0000 
N 2.00000 
SPECIES BEING CONSIDERED IN THIS SYSTEM 
(CONDENSED PHASE MAY HAVE NAME LISTED SEVERAL TIMES) 
LAST thermo.inp UPDATE: 9/09/04 
g 5/97 *N tpis89 *NO g 4/99 NO2 
j12/64 NO3 tpis78 *N2 g 4/99 N2O 
g 4/99 N2O3 tpis89 N2O4 g 4/99 N2O5 
tpis89 N3 g 5/97 *O tpis89 *O2 
g 8/01 O3 
SPECIES WITH TRANSPORT PROPERTIES 
PURE SPECIES N NO NO2 N2 
N2O N2O4 
O O2 
BINARY INTERACTIONS 
N NO N N2 N O N O2 NO O N2 O N2 O2 O O2 
*** INPUT FOR SHOCK PROBLEMS *** 
INCDEQ = T REFLEQ = T INCDFZ = F REFLFZ = F 
U1 = 1.143000E+03 
MACH1 = 0.000000E+00 
O/F = 0.000000 
EFFECTIVE FUEL EFFECTIVE OXIDANT MIXTURE 
ENTHALPY h(2)/R h(1)/R h0/R 
(KG-MOL)(K)/KG -0.38362390E+00 0.00000000E+00 -0.38362390E+00 
KG-FORM.WT./KG bi(2) bi(1) b0i 
*O 0.13883837E-01 0.00000000E+00 0.13883837E-01 
*N 0.55535347E-01 0.00000000E+00 0.55535347E-01 
SHOCK WAVE PARAMETERS ASSUMING 
EQUILIBRIUM COMPOSITION FOR INCIDENT SHOCKED CONDITIONS 
CASE = 
REACTANT MOLES ENERGY TEMP 
KJ/KG-MOL K 
NAME O2 0.2000000 -92.518 295.000 
NAME N2 0.8000000 -91.740 295.000 
O/F= 0.00000 %FUEL= 0.000000 R,EQ.RATIO= 0.000000 PHI,EQ.RATIO= 0.000000 
INITIAL GAS (1) 
MACH NUMBER1 3.3124 
U1, M/SEC 1143.00 
P, BAR 0.14665 
T, K 295.00 
RHO, KG/CU M 1.7226-1 
H, KJ/KG -3.1896 
U, KJ/KG -88.325 
G, KJ/KG -2195.73 
S, KJ/(KG)(K) 7.4323 
M, (1/n) 28.810 
Cp, KJ/(KG)(K) 1.0125 
GAMMAs 1.3987 
SON VEL,M/SEC 345.1 
SHOCKED GAS (2)--INCIDENT--EQUILIBRIUM 
U2, M/SEC 266.33 
P, BAR 1.8728 
T, K 877.78 
RHO, KG/CU M 7.3928-1 
H, KJ/KG 614.57 
U, KJ/KG 361.25 
(1) 
G, KJ/KG -6268.86 
S, KJ/(KG)(K) 7.8418 
M, (1/n) 28.810 
(dLV/dLP)t -1.00000 
(dLV/dLT)p 1.0000 
Cp, KJ/(KG)(K) 1.1251 
GAMMAs 1.3450 
SON VEL,M/SEC 583.7 
TRANSPORT PROPERTIES (GASES ONLY) 
CONDUCTIVITY IN UNITS OF MILLIWATTS/(CM)(K) 
VISC,MILLIPOISE 0.39806 
WITH EQUILIBRIUM REACTIONS 
Cp, KJ/(KG)(K) 1.1251 
CONDUCTIVITY 0.5986 
PRANDTL NUMBER 0.7482 
 
WITH FROZEN REACTIONS 
Cp, KJ/(KG)(K) 1.1248 
CONDUCTIVITY 0.5984 
PRANDTL NUMBER 0.7482 
P2/P1 12.770 
T2/T1 2.976 
M2/M1 1.0000 
RHO2/RHO1 4.2916 
V2, M/SEC 876.67 
MOLE FRACTIONS 
*NO 6.6549-6 
NO2 1.2698-6 
*N2 8.0000-1 
*O2 2.0000-1 
* THERMODYNAMIC PROPERTIES FITTED TO 20000.K 
PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS 
WERE LESS THAN 5.000000E-09 FOR ALL ASSIGNED CONDITIONS 
*N NO3 N2O N2O3 N2O4 
N2O5 N3 *O O3 
SHOCKED GAS (5)--REFLECTED--EQUILIBRIUM 
U5, M/SEC 275.97 
P, BAR 10.165 
T, K 1499.79 
RHO, KG/CU M 2.3485 0 
H, KJ/KG 1351.92 
U, KJ/KG 919.10 
G, KJ/KG -10625.4 
S, KJ/(KG)(K) 7.9860 
M, (1/n) 28.811 
(dLV/dLP)t -1.00001 
(dLV/dLT)p 1.0000 
Cp, KJ/(KG)(K) 1.2399 
GAMMAs 1.3033 
SON VEL,M/SEC 751.1 
TRANSPORT PROPERTIES (GASES ONLY) 
CONDUCTIVITY IN UNITS OF MILLIWATTS/(CM)(K) 
VISC,MILLIPOISE 0.56971WITH EQUILIBRIUM REACTIONS  
Cp, KJ/(KG)(K) 1.2399 
CONDUCTIVITY 0.9314 
PRANDTL NUMBER 0.7584 
WITH FROZEN REACTIONS 
Cp, KJ/(KG)(K) 1.2212 
CONDUCTIVITY 0.9173 
PRANDTL NUMBER 0.7584 
P5/P2 5.428 
T5/T2 1.709 
M5/M2 1.0000 
RHO5/RHO2 3.1767 
U5+V2,M/SEC 600.70 
MOLE FRACTIONS 
*NO 1.1996-3 
NO2 2.0088-5 
*N2 7.9940-1 
N2O 2.3683-7 
*O 5.6626-7 
*O2 1.9938-1 
* THERMODYNAMIC PROPERTIES FITTED TO 20000.K 
PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FRACTIONS 
WERE LESS THAN 5.000000E-09 FOR ALL ASSIGNED CONDITIONS 
*N NO3 N2O3 N2O4 N2O5 N3 O3 
 
 
(2) 
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Appendix C – Summary of burn times in Oxygen 
 
Condition Size Pressure Burn Time 
5AO1-1500 5 10 0.0992 
5AO1-1500 5 10 0.4492 
5AO1-1500 5 10 1.148 
5AO1-1500 5 10 0.3628 
5AO2-1500 5 20 0.1554 
5AO2-1500 5 20 0.1362 
5MO1-1500 5 10 0.1502 
5MO1-1500 5 10 0.1664 
5MO1-1500 5 10 0.1582 
5MO1-1500 5 10 0.9374 
5MO1-1500 5 10 0.3578 
5MO1-1500 5 10 0.2588 
5MO2-1500 5 20 0.2656 
5MO2-1500 5 20 0.1554 
10AO1-1500 10 10 0.392 
10AO1-1500 10 10 0.4273 
10AO2-1500 10 20 0.2478 
10AO2-1500 10 20 0.229 
10MO1-1500 10 10 0.3388 
10MO1-1500 10 10 0.3182 
10MO2-1500 10 20 0.0946 
10MO2-1500 10 20 0.1922 
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Appendix D – Summary of burn times in carbon dioxide 
 
Condition Size Pressure 
Burn 
Time Condition Size Pressure 
Burn 
Time 
5AC1-1500 5 10 0.2264 10MC1-1500 10 10 0.194 
5AC1-1500 5 10 0.2004 10MC1-1500 10 10 0.5115 
5AC1-1500 5 10 0.2224 10MC1-1750 10 10 0.2325 
5AC1-1500 5 10 0.279 10MC2-1500 10 20 0.4185 
5AC2-1500 5 20 1.0455 10MC1-1500 (50%) 10 10 0.2325 
5AC1-1500 (50%) 5 10 0.093 10MC1-1500 (50%) 10 10 0.55 
5AC1-1500 (50%) 5 10 0.186 10MC1-2000 (50%) 10 10 0.481 
5AC1-1500 (50%) 5 10 0.279 10MC2-1500 (50%) 10 20 0.201 
5AC2-1500 (50%) 5 20 0.435 10MC2-1500 (50%) 10 20 0.5025 
5MC1-1500 5 10 0.1418     
5MC1-1500 (50%) 5 10 0.259     
5MC1-1500 (50%) 5 10 0.4     
5MC2-1500 (50%) 5 20 0.536     
5MC2-1500 (50%) 5 20 0.6525     
5MC1-2000 (50%) 5 10 0.518     
5MC1-2000 (50%) 5 10 0.5475     
10AC1-1500 10 10 0.1282     
10AC1-1500 10 10 0.1694     
10AC1-1500 10 10 0.4185     
10AC1-1500 10 10 0.2325     
10AC1-1500 10 10 0.5115     
10AC1-2000 10 10 0.186     
10AC1-2000 10 10 0.4484     
10AC2-1500 10 20 0.372     
10AC2-1500 10 20 0.4568     
10AC1-1500 (50%) 10 10 0.1395     
10AC1-1500 (50%) 10 10 0.1425     
10AC1-1500 (50%) 10 10 0.259     
10AC2-1500 (50%) 10 20 0.1675     
10AC2-1500 (50%) 10 20 0.258     
 
